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The starting point for the work was to develop a method for covalent binding of phospholipids on fused silica capillaries for 
capillary electrochromatography (CEC). The method consists of three steps. First, the silanol groups in the fused silica capillary 
were aminopropylsilylated with 3-(aminopropyl)-triethoxy silane (APTES). Secondly, the product of aminopropylsilylation was 
allowed to react with glutaraldehyde giving an imidoaldehyde, which further reacted with the primary amino group of 
phospholipids. The stability of the coating was verified by measuring the electroosmotic flow (EOF) mobility after 
aminopropylsilylation with APTES and liposome coating. The highest stability of the EOF was obtained using coatings made of 
liposomes comprising 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS). The EOF remained stable even after injection of a large number of analytes.  
 
The tested phospholipids were selected to mimic biological membranes. In the coating procedure the following phospholipids 
were used: POPC, 1,2-didodecanoyl-sn-glycero-3-phosphate (DLPA), 1,2-didodecanoyl-sn-glycero-3-phosphoethanolamine 
(DLPE), and POPS. Primary amino groups were needed for stable covalent binding of liposomes to the fused silica capillary wall. 
The phospholipids POPC and POPS contained primary amino groups. 
 
The highest stability of the covalent binding was achieved using liposome dispersions of 3 mM POPC/POPS 80/20 mol-% but 
the retention factors for aldosterone, testosterone, and progesterone were higher using a 2 mM POPC/POPS 80/20 mol-% 
dispersion. The thickness of the liposome layers was measured with quartz crystal microbalance (QCM). The mass of the adsorbed 
liposomes was higher for the 2 mM POPC/POPS 80/20 mol-% dispersion than for the 3 mM POPC/POPS 80/20 mol-%   
dispersion, which explained the higher retention factors for the analytes studied.  
 
The developed coating method was used to the separation of model steroids by on-line open-tubular CEC mass spectrometry (OT-
CEC-MS). The steroids, which are poorly visible or non-visible by UV-detection, could be separated and detected by on-line OT-
CEC-MS. Six different type of steroids were separated and detected by this method. There was no ion suppression in the MS due 
to lipid leakage. 
 
The effect of reducing the formed Schiff’s base with sodium borohydride and the impact of liposome composition on the stability 
of the coating were investigated. NaBH4 treatment did not improve the stability of the EOF, but rather decreased it. The effect of 
NaBH4 reduction on 40/40/20 mol % POPC/POPS/cholesterol-coated capillaries was also investigated, and the results were 
similar to those obtained with the 80/20 mol % POPC/POPS-coated capillaries: the stability of the coating was better without 
NaBH4 treatment. 
 
The effect of cholesterol in the phospholipid coating was studied and the results show that cholesterol can well be included in 
phospholipid coatings covalently attached to silica. 2 mM 40/40/20 mol% POPC/POPS/cholesterol showed greater stability than 
2 mM 80/20 mol% POPC/POPS. However, much higher retention factors of aldosterone, testosterone, and progesterone were 
obtained with 2 mM 80/20 mol % POPC/POPS liposome coatings than with 2 mM 40/40/20 mol% POPC/POPS/cholesterol 
coatings. This may be due to the fact that cholesterol is likely to increase the rigidity of lipid membranes. Also the stability and 
robustness of the capillary column was tested by individual injections of a large amount of analytes into the capillary: almost 400 
injections were made into the 40/40/20 mol% POPC/POPS/cholesterol coated capillary (different type of drugs). The EOF was 
stable for over 200 injections. 
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1. Introduction 
 
Bangham and Horne were the first to investigate phospholipid vesicles also called 
liposomes in 1962.1 Since then phospholipid vesicles have been continuously studied. 
Phospholipid vesicles are good models of cell membranes and therefore they fascinate 
researchers in many different fields.2 In general, lipidomics is a growing field, and much 
research has been carried out on the analysis of liposomes by various techniques as well as 
on analyte-lipid membrane interactions: see refs3-10 and references therein. Phospholipid 
coated capillaries can be used in CEC for screening of a variety of analytes, and the quartz 
crystal microbalance technique allows to predict the distribution of analytes in the 
biomimetic membrane. Many drugs are poorly visible or non-visible by UV-Vis detection, 
and therefore mass spectrometry can be used for the detection of that kind of drugs. 
Sometimes ion suppression can be a problem in MS experiments and due this the capillary 
coating in CEC-MS studies must be stable.  
In this study, a method was developed for covalent binding of phospholipids on fused silica 
capillaries for capillary electrochromatography. The used coating was used as a mimic of 
biological membranes. QCM was used to determine the thickness of the phospholipid 
membrane. In the second part of the research, the developed coating method was optimized 
for CEC-MS experiments and used for the separation of drugs, which were not detectable 
by UV-Vis detection. 
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2. Aims of study 
 
 To develop a method for covalent binding of phospholipids on fused silica capillaries for 
capillary electrochromatography. (I) 
 To optimize coating conditions and measure the coverage of the silica wall by liposomes 
using quartz crystal microbalance (QCM). (I) 
 To evaluate quantitatively the interactions and affinity of the drugs with liposomes 
(analyte-liposome interactions in liposome dispersions of various types and concentrations 
were compared) by retention factors and distribution constants. (I) 
 To demonstrate that no extra step in covalent binding of phospholipids to silica is needed 
for stabilizing the formed Schiff’s base. (II) 
 To demonstrate that cholesterol can be included properly in phospholipid coatings 
covalently attached to silica. (II) 
 To show that this kind of coatings can be employed in on-line OT-CEC-MS studies on 
steroids that are poorly visible by UV detection. (II) 
 
 
 
 
 
 
 
 
 
 
 
  
8 
 
3. Background 
3.1 Phospholipids 
 
Phospholipids are amphiphilic compounds, i.e. they contain both hydrophobic and 
hydrophilic moieties.11 The fatty acid chains of phospholipids contain typically 14 to 24 
carbon atoms.12 The fatty acid chains can be saturated or unsaturated. There are two types 
of phospholipids: glycerophospholipids and sphingophospholipids which consist of 
glycerol and sphingosine, respectively. Three major groups in biological membranes are 
glycolipids, cholesterol, and phospholipids.2 In aqueous solutions, phospholipids form 
easily bilayers, where the hydrophobic phospholipid fatty acid chains are facing each other 
and the hydrophilic part is towards to the aqueous phase. Bilayers can convert and form 
phospholipid vesicles.13 Those liposomes are good models of biological membranes.14  
The structure of liposomes can vary depending on their preparation method.15 Also the pH 
of the phospholipid dispersion during the preparation of liposomes can affect the final size 
of liposomes.16 Multilamellar vesicles are formed when phospholipids are hydrated in an 
aqueous solution.17 It is possible to prepare large unilamellar vesicles from multilamellar 
vesicles (MLVs) by extrusion through a certain pore-sized membrane.18 Small unilamellar 
vesicles can be prepared, for example, by sonication of MLVs with a probe sonicator.19  
The charge of phospholipids can be anionic, cationic, or zwitterionic,13 and the most 
common parts in cellular membranes such as human red blood cell are zwitterionic 
phophatidylcholine and uncharged cholesterol.20 The net charge of liposomes can be 
changed by adding different lipids, for example negatively charged phosphatidylserine.2 
Figure 1 shows the structures of the phospholipids used in this study. 
Temperature has an effect on the properties of the membrane:13 when the temperature is 
below the main phase transition temperature of the lipid membrane, the bilayer is in a well 
ordered gel state; however, when the temperature is above the main phase transition 
temperature, the bilayer melts and becomes fluid. The bilayer fluidity affects membrane 
permeability, binding, and aggregation, as well as the fusion of vesicles. 
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Figure 1. Structures of the used phospholipids. 
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4. Techniques 
 
The main techniques of the present study were open tubular capillary chromatography 
coupled to UV or MS detection, and quartz crystal microbalance.  
 
4.1 Capillary electromigration techniques 
 
In this study, open tubular capillary electrochromatography by UV-Vis and MS detection 
were used for separation and detection of different types of drugs. CZE was needed for the 
determination of retention factors of analytes.  
 
4.1.1 Open tubular capillary electrochromatography 
 
Capillary electrochromatography (CEC) is a combination of CE and HPLC technique 21, 21-
23 and analytes are separated according to differences in the partitioning ratio between the 
stationary and mobile phase and/or to differences in their electrophoretic mobilities.24 With 
this technique, charged and uncharged compounds can be separated.25 There are three types 
of CEC-columns: packed, open tubular, and continuous bed (monolithic).22, 23, 26 In CEC, 
there are a number of separation mechanisms such as reverse-phase, hydrophobic 
partitioning, ion-exhange, enantioselective recognition, and ligand affinity behavior.23 
Packed capillaries are commonly used in CEC but there are some limitations such as bubble 
formation inside the capillary and fabrication of stable frits.21, 27 OT-CEC and monolithic 
capillaries do not have these problems and OT-CEC is a good alternative instead of packed 
columns.27 
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Tsuda et al.28 were the first to report open tubular-CEC, and they used an octadecylsilane-
(C18)-coated narrow bore capillary to separate benzene-related polyaromatic 
hydrocarbons. In OT-CEC, the inner wall of the capillary is coated with a stationary phase 
(SP).23 The capillary coating approaches are devided into three groups: chemical 
modifications, noncovalent coatings, and layer-by-layer assemblies. In chemical 
modifications approaches, the SP is covalently attached to the silica capillary wall and this 
method is used in the present study 
Detection in CE is mostly performed by UV.29 UV-detection has some limits such as lack 
of selectivity and limited sensitivity. Mass spectrometry (MS) can improve the sensitivity 
and selectivity of detection. In CE-MS, the most common ionization technique is electro 
spray ionization (ESI). In CE-MS experiments, buffers must be volatile to avoid ion 
suppression.30 Stability of the capillary coating is also important. Leaking of coating can 
lead to contamination of the MS source which will result in ion suppression. Many semi-
permanent and dynamic phospholipid coatings have been developed31, 31-33 but the problem 
has been the stability of the coatings.  
One of the aims of this study was to coat fused silica capillaries with different types of 
phospholipids and show how the covalently bonded chromatographic phase interact with 
the injected analytes. Coating of the capillary was performed in three stages: firstly, the 
fused silica capillary was aminopropylsilylated with 3-(aminopropyl) triethoxy silane, this 
step was followed by reaction with glutaraldehyde giving an iminoaldehyde which reacted 
with the primary amino groups of phospholipids to form a covalent bond. Glutaraldehyde 
is commonly used in protein crosslinking34, and already in 1969 the reaction between 
glutaraldehyde and tissue lipids was described 35. However, the method has not previously 
been used for covalent coating of silica capillaries. The reaction scheme of the covalent 
binding of phospholipids on fused silica capillaries is shown in figure 2. 
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Figure 2. Reaction scheme of the covalent binding of phospholipids on fused silica 
capillaries. 
 
In this study, fused silica capillary was covalently coated with phospholipids. Analyte 
interactions with phospholipid coatings were determined by calculating retention factors 
of the analytes. For uncharged analytes, equation 1 can be applied, 
𝑘′ =
𝑡𝑚−𝑡𝑜
𝑡𝑜
   1 
where tm is the migration time of the analyte and to the migration time of the neutral electro-
osmotic flow marker. For charged analytes in OT-CEC, the retention factor k was 
calculatedaccording to the Rathore and Horvath36 equation (2) from the CEC and CZE data. 
𝑘′′ =
𝑡𝑚(1+𝑘𝑒
′′)−𝑡𝑜
𝑡𝑜
  2 
  
13 
 
In eqn 2, tm is the migration time of the analyte in the CEC mode, to is the migration time 
of the EOF marker in the coated capillary, and 𝑘𝑒
′′ the ratio of the migration times of the 
analyte and the EOF marker in the uncoated capillary and coated capillary, in this order. 
 
4.2 Quartz crystal microbalance 
 
Quartz crystal microbalance is based on a piezoelectric effect, and it is a simple high-
resolution mass sensing technique.37 The impedance of the quartz crystal can be measured 
by dissipative QCM.38 From this measurement, the electrical properties of the quartz crystal 
(resistance, inductance and, capacitance) can be determined. The sensor can be coated and 
in this this case, the adsorbed layer on the surface of the sensor causes mechanic changes 
which changes its electrical properties.39 Mechanical properties of the adsorbed layer or 
aqueous phase can be determined by measuring the impedance of the sensor and using 
equivalent circuit modelling.  
If the added layer on the surface of the sensor is rigid and homogeneous, an increase in the 
frequency is proportional to the mass of the adsorbed layer on the surface, as demonstrated 
by Sauerbrey40 in 1959. If the added layer is soft and/or weakly attached to the surface of 
the sensor, measurements of electrical properties are performed at multiple overtones.39 By 
using equivalent circuit modelling, it is possible to solve the mechanical properties of the 
added layers, such as mass density, thickness, and the viscoelastic properties.41, 42  
The chromatographic phase ratio (Φ) is needed for the determination of the distribution 
constant. The chromatographic phase ratio is the ratio of the volume of the lipid phase to 
the volume of the aqueous phase. By QCM it is possible to determine the mass distribution 
of liposome per area which is needed for calculation of the distribution constant.  The 
distribution constant (KD) can be calculated by eqn 3, 
 
𝐾𝐷 =
𝑘
𝛷
   3
  
where k is the retention factor and Φ is the phase ratio. 
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5. Experimental 
 
The chemicals, buffer solutions, analytes, lipids, equipment, and analytical conditions of 
the experiments used in the present study are described in this section. 
Table 1. List of chemicals used in the experiments (I-II) 
Compound Manufacturer Comments Paper 
3-(Aminopropyl) triethoxysilane Sigma 99 % I-II 
1,2-Dilauroyl-sn-glycero-3-
phosphoethanolamine 
FF Chemicals 99 % I 
1,2-Dilauroyl-sn-glycero-3-
phosphate 
Genzyme 9 mM in chloroform 
(9:1v/v) 
I 
Acetone VWR 99 % I-II 
Acetic acid VWR 100 % I-II 
Ammonia VWR  II 
Cholesterol Avanti  II 
Chloroform Rathburn  I-II 
Dimethyl sulfoxide  FF Chemicals 10 mM in 
chloroform (9:1v/v) 
I-II 
Distilled water Millipore Millipore water 
purification system 
I-II 
Glutaraldehyde Oriola / BDH 25 % I-II 
Sodium acetate Merck  II 
Sodium borohydrate Sigma  II 
Sodium carbonate Sigma  II 
Sodium hydroxide FF Chemicals 0.1 M ja 1 M I-II 
Sodium dihydrogen phosphate Merck 100.6 % I-II 
Methanol (HPLC grade) J.T. Baker 99.9 % I-II 
Nitric acid Sigma 60 % I-II 
1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine  
Genzyme 20 mM in 
chloroform (9:1v/v) 
I-II 
1-Palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine 
Avanti 13 mM in 
chloroform (9:1v/v) 
I-II 
Sulfuric acid J.T. Baker 95-97 % I-II 
Hydrogen peroxide FF Chemicals 35 % I 
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Table 2. List of buffer solutions 
Buffer solutions pH Ionic 
strength 
(mM) 
Used for Paper 
Ammonium acetate 6.0 10 mM CEC runs II 
Ammonium acetate 8.0 10 mM CEC runs and CEC-MS runs II 
Sodium acetate  5.5 20 mM to check the EOF mobility in 
APTES coated capillaries 
I-II 
Sodium phosphate 7.4 20 mM CEC runs I-II 
Sodium phosphate 8.0 200 mM treating the capillary wall 
during the coating process 
I-II 
 
Table 3. List of analytes used in the experiments (I-II) 
Analyte Paper 
Aldosterone I, II 
Alprenolol II 
Androsterone  I, II 
Atenolol II 
Benzthiazide  I,II 
Bupivacaine  I 
Bumetadine II 
Caffeine  II 
Corticosterone  I 
Cortisone II 
Dexamethasone  I 
DHEA  I, II 
Estrone II 
Furosemide II 
Hydrochlorothiazide I 
Ketanest  I 
Lidocaine  I, II 
Prilocaine  I, II 
Progesterone  I, II 
Sotalol  I, II 
Testosterone  I, II 
Tramadol  I 
4-Androsterone-3,17-dione II 
18- α-Corticosterone II 
17-Isoaldosterone II 
17α-OH-progesterone II 
4-Pregnen-11β,17α-diol-3,20-dione  I 
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Table 4. List of instruments and equipment 
Equipment Manufacturer and 
model 
Comments Paper 
CE Agilent, 3DHP-CE 
system 
Diode array detector 
(UV-Vis) coupled with 
air cooling device 
I-II 
Extruder Liposo-Fast  I-II 
micro-TOF-MS Bruker  II 
Pneumatic actuator Avestin Ottava  I-II 
Polycarbonate filters Millipore, Bedford, 
MA  
100 nm pore size I-II 
Quartz crystal 
microbalance (QCM) 
KSV, Biolin 
Scientific Oy, 
QCM-Z500device 
 I 
SiO2 chips Attana  I 
Syringe filters Gelman 0,45 µm I-II 
Uncoated fused silica 
capillaries 
Polymicro 
technologies 
50 µm i.d., 375 µm  
o.d. 
I-II 
 
Table 5. Liposome dispersions in phosphate buffer at pH 7.4 and ionic strength of 20 mM 
used for coating fused silica capillaries in experiments (I-II). 
Concentration 
(mM) 
Liposome mol % Paper 
3.0 POPC 100 I 
3.0 POPC/DLPA 80/20 I 
3.0 / 2.0 / 1.0 POPC/POPS 80/20 I, II 
3.0 / 2.0 / 1.0 POPC/POPS/DLPA 80/5/15 I 
3.0 / 2.0 / 1.0 POPC/POPS/DLPA 80/2.5/17.5 I 
3.0 / 2.0 / 1.0 POPC/DLPE/DLPA 75/5/20 I 
3.0 / 2.0 / 1.0 POPC/DLPE/DLPA 70/10/20 I 
3.0/2.0 POPC/POPS/cholesterol 40/40/20 II 
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5.1 Sample and buffer preparations 
 
Table 2 shows the used buffer solutions, pH, and ionic strength of the solution, and the 
purpose of the use of the buffer solution. The pH of sodium acetate and sodium phosphate 
buffers was adjusted with 0.1 M or 1.0 M sodium hydroxide. The ammonium acetate buffer 
was prepared by mixing acetic acid and ammonia to reach the pH needed (table 2). Before 
use, the buffer solutions were filtered through 0.45 µm syringe filters.  
 
The APTES solution (4%, 8%, and 10% v/v) for coating was prepared by mixing 99% 
APTES stock solution in acetone, acetate at pH 5.5, or in water. The 2.5% glutaraldehyde 
solution in phosphate at pH 8.0 was prepared from a 25% commercial solution. The sodium 
borohydride solution was made in 0.2 M sodium carbonate with 1.0 M hydrochloric acid 
to reach pH 9.2.  
 
The samples for CEC runs were prepared from stock solutions (1 mg mL-1 in methanol). 
The concentrations of the analytes were 60-120 µg mL-1 diluted in sodium phosphate buffer 
at pH 7.4 (I=20 mM). Methanol (15% in background electrolyte solution) or DMSO (0.1% 
or 0.05% in water) was used as a neutral marker of the EOF. All buffer and sample solutions 
were stored in a refrigerator. The steroids for CEC and CEC-MS were prepared from stock 
solutions (2-4 mg/mL in methanol). The concentrations of the steroids in the sample for 
injection were 60-120 µg mL-1 (CEC) and 100-120 µg mL-1 (CEC-MS) diluted in 
phosphate buffer at pH 7.4 (CEC) or in water (CEC-MS).  Steroid samples for CEC runs 
contained 15 % v/v methanol and for CEC-MS runs 25% v/v methanol. 
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5.2 Preparation of liposomes 
 
Phospholipid vesicles were prepared from POPC, POPS, DLPA, DLPE, and cholesterol. 
The corresponding main phase transition temperatures were -2ºC (POPC), 14ºC (POPS), 
29ºC (DLPE), and 31ºC (DLPA).43 POPC (20 mM), POPS (13 mM), and cholesterol (20 
mM) were dissolved in chloroform. DLPA (9 mM), and DLPE (10 mM) were dissolved in 
chloroform/methanol solution (9/1 v/v). Lipids and cholesterol were stored in a freezer. 
Appropriate amounts of lipid stock solutions and the cholesterol stock solution were mixed 
to obtain the desired compositions. The resulted mixture was evaporated to dryness under 
a stream of pressurized air. Subsequently, the traces of solvent were removed by evacuation 
under reduced pressure (8–100 mbar) for at least 16 h. The lipid residues were hydrated in 
sodium phosphate at pH 7.4 (I=20 mM) at 60°C for 60 min in a shaking water bath to yield 
multilamellar vesicles of desired lipid concentration. The vesicle-containing dispersion 
was vortexed 4 times during the hydration process. The resulting dispersion was processed 
to large unilamellar vesicles by extrusion 19 times through Millipore 100 nm pore size 
polycarbonate filters using a Liposo-Fast extruder and a pneumatic actuator with external 
pressure of 3.5 bar. Since extrusion should be carried out well above the main phase 
transition temperature of the lipids, the DLPA and DLPE dispersions were extruded with 
a preheated extrusion device, whereas all other dispersions were extruded at room 
temperature (RT). 
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5.3 Coating procedure 
 
The attachment of the phospholipids to the fused silica capillary was carried out using a 
three-step coating procedure. The reaction product of aminopropylsilylation of silanol 
groups on the fused silica surface with glutaraldehyde is an imidoaldehyde, which reacts 
with the primary amino groups of the phospholipids. 
Aminopropylsilylation of the fused silica capillary. The aminopropylsilylation procedure of 
the capillaries is shown in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Aminopropylsilylation treatment procedure for OT-CEC and (OT-CEC-MS) 
capillaries. 
 
15 min rinse with 1 M NaOH or HNO3 (25 min 1 M HNO3) 
15 min rinse with water (25 min with water) 
 5 or 15 min rinse with acetone (10 min with acetone) 
 5 or 15 min drying with air (10 min with air) 
 5 or 30 min rinse with 4, 8, 10% APTES in acetone, water or acetate buffer at pH 
5.5, I=20 mM, using 50 or 940 mbar pressure at 25°C or 37°C (10 min with 4% 
APTES dissolved in acetone using 940 mbar pressure at 25 °C) 
 2 or 24 h at 60-65°C or overnight at RT (2 h at 60-65 °C) 
 10 min rinse with acetone (10 min rinse with acetone) 
 5 min rinse with water (5 min rinse with water) 
 30 or 60 min rinse with acetate at pH 5.5 or sodium phosphate 
at pH 7.4 (30 min rinse with sodium acetate at pH 5.5) 
 15 min at -30 kV with acetate at pH 5.5, I=20 mM (15 min at 
-30 kV with acetate at pH 5.5) 
 check EOF with acetate at pH 5.5 
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Formation of an iminoaldehyde surface. The aminopropylsilylated capillary was rinsed 
with sodium phosphate buffer at pH 8.0 for 5 (I) or 10 (II) min, then with 2.5 % 
glutaraldehyde solution for 10 (I) or 20 (II) min. The capillary was left in the glutaraldehyde 
solution for 2 h (I) or overnight (I and II) resulting in an iminoaldehyde surface. 
Covalent coating with phospholipids. The iminoaldehyde coated capillary was rinsed with 
sodium phosphate buffer at pH 8.0 (I=200 mM) for 20 min which was followed by rinsing 
the capillary for 15 (I) or 30 (II) min with liposome dispersions. The liposome coating was 
stabilized by leaving the capillary filled with liposome dispersion at room temperature for 
30 min (I and II) or 4.5 h (I).  
Reduction step with sodium borohydride. When the reduction step was included, the 
capillary was rinsed for 20 minutes with a solution of sodrium borohydride (NaBH4) in 
sodium carbonate buffer adjusted to pH 9.2 (II) or the capillary was rinsed for 15 min with 
sodium phosphate buffer at pH 7.4 without NaBH4 treatment. This was followed by 
injection of an EOF marker to confirm that the capillary was not blocked. Subsequently, 
the capillary was rinsed with ammonia acetate buffer at pH 8.0 (I=10 mM) and the EOF 
was determined (II). 
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5.4 Capillary electrochromatographic experiments 
 
The CE and CEC experiments were accomplished using a Hewlett Packard 3DCE-system 
(Agilent, Waldbronn, Germany) equipped with a diode array detector. The length of the 
uncoated fused-silica capillary was 30/38.5 cm (I) or 50/58.5 cm (II) (length to the 
detector/total length). CEC separation conditions were as follows: voltage 25 kV (I) or 30 
kV (II), temperature of the capillary cassette and samples 25 ºC (I and II) or 37 ºC (I), 
sample injection for 10 s at 10 mbar. The capillary was conditioned shortly before injection 
by flushing for 2 min with BGE solution (sodium phosphate buffer solution at pH 7.4 with 
ionic strength of 20 mM (I and II) or ammonium acetate buffer at pH 8.0 with ionic strength 
of 10 mM (II)). 
 
 
5.5 Quartz crystal microbalance experiments 
 
The QCM was used to determine the thickness of the used lipid layers. The QCM 
experiments were carried out using the impedance based QCM-Z500 instrument (KSV, 
Biolin Scientific Oy, Finland). For the QCM measurements, the silica coated QCM crystals 
(sensors) were cleaned by piranha solution (1:3 hydrogen peroxide:sulfuric acid) for 5 to 
15 minutes. Subsequently, they were rinsed with distilled water, and finally dried under 
nitrogen. The sensors were cleaned twice before coating. The coating procedure was the 
same as for CE capillaries except that the QCM sensors were left overnight in the 
glutaraldehyde solution (RT) and the QCM measurements were made the following day. 
For the QCM measurements, the QCM chamber was filled with phospholipid dispersion 
(flow velocity of 25 µL/min for 10 min) after which the flow was stopped for 30 min. 
Subsequently, the QCM chamber was flushed with background buffer (phosphate at pH 
7.4) to remove excess of phospholipids (flow velocity 250 µL/min).  
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5.6 Open tubular capillary electrochromatography-mass spectrometric 
experiments 
 
The OT-CEC measurement conditions and the CE system were the same as described 
previously (5.4 Capillary electrochromatography experiments). The OT-CEC was combined 
to a micro-TOF MS instrument (Bruker) with a commercial ESI source and the CE capillary 
was inserted directly from the CE capillary holder to the ESI chamber. The sheath liquid was 
pumped to the ESI chamber with a syringe pump, which was connected to the sheath liquid 
inlet. The sheath liquid consisted of 50% methanol and 0.1% acetic acid in water. The flow 
rate of the sheath liquid was 250 µL/h. The MS parameters for on-line CEC-MS studies are 
listed in table 6. 
Table 6. Mass spectrometry parameters for on-line CEC-MS studies. 
Source 
End plate offset (voltage, current) -400V 208 nA 
Capillary (voltage, current) -4500 V 14 nA 
Nebulizer (pressure) 0.6 bar  
Dry Gas (flow) 7.0 L/min  
Dry Temp 180 ºC  
Transfer 
Capillary exit (voltage) 150 V Skimmer 1 50 V 
Hexapole 1 (voltage) 27 V Skimmer 2 30 V 
Hexapole 2 (voltage) 27 V Hexapole RF 100 V 
Transfer time 15.3 µs Pre puls storage 1.0 µs 
Lens 1 storage (voltage) 15 V Lens 1 extraction -15.3 V 
Lens 2 (voltage) 20 V Lens 3 0.0 V 
Lens 4 (voltage) 20 V Lens 5 0.0 V 
Detector (voltage, current) 1000 V 3 nA  
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6. Results and discussion 
 
The aim of the work was to develop a method for attaching phospholipids covalently on 
the fused-silica capillary wall and to use these capillaries in OT-CEC and OT-CEC-MS 
experiments. The on-line OT-CEC-MS experiments were useful for the steroids that were 
poorly visible by UV-detection. It was also important to show that attachment of  
phospholipids covalently on the capillary wall did not need any extra steps: stabilizing the 
formed Schiff’s base and cholesterol can well be included in the phospholipid coatings 
covalently attached to fused-silica. 
 
6.1 Formation of an iminoaldehyde surface 
 
The APTES-treatment of the fused silica capillary needed to be changed because previous 
treatment procedures were far too time-consuming.44-46 In the present study, 
aminopropylsilylation with APTES and the proceeding reaction with glutaraldehyde was 
optimized. The optimization included reagent volume, type of solvent, pH, ionic strength, 
reaction time, and temperature. The best stability of the coating and the highest EOF values 
were obtained using 1.0 M nitric acid and 4% (v/v) APTES in acetone. The EOF after 
APTES coating was less negative with other APTES concentrations and type of solvents. 
Furthermore, the stability of the coating was decreased. APTES treatment was adjusted to 
2 h because a longer treatment time caused blockage of the capillary. Use of acetate (pH 
5.5, ionic strength of 20 mM) as capillary rinsing buffer resulted in a more stable APTES 
coating. Figure 4 shows the difference between 1.0 M nitric acid and 1.0 M sodium 
hydroxide treatment. 
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Figure 4. Electroosmotic flow in capillaries coated with 4% APTES in acetone after 
preconditioning with 1.0 M sodium hydroxide (triangles) or 1.0 M nitric acid (square). The 
crosses show the EOF after reaction with glutaraldehyde. Capillary length was 30/38.5 cm 
(ID/OD; 50/360 µm); voltage -20 kV; temperature of the capillary cassette 25°C; sample 
injection time 10 s at 10 mbar; UV-detection at 214 nm. Before each injection, the capillary 
was rinsed for 2 min with the given BGE solution: after reaction with APTES rinsing with 
acetate buffer (at pH 5.5 with ionic strength of 20 mM), and after reaction with 
glutaraldehyde rinsing with phosphate buffer (at pH 7.4 with ionic strength of 20 mM). The 
EOF marker was 0.05 % DMSO in water. 
 
Glutaraldehyde was diluted in phosphate buffer (pH 8, ionic strength 200 mM) and the 
concentration of glutaraldehyde was 2.5% (v/v). pH 8 was used because at the pH range 7-
9 only a small reversibility has been observed in the reaction of glutaraldehyde with 
primary amino groups.47 The concentration of glutaraldehyde was taken from the 
literature.34 The capillary was rinsed for 10 min with 2.5% (v/v) glutaraldehyde in 
phosphate buffer and the effect of increasing the time of glutaraldehyde treatment was 
tested by leaving the capillary filled with glutaraldehyde solution for 2 h or overnight: 
however, no significant difference in the EOF values was observed. The EOF was checked 
also after the glutaraldehyde coating procedure. Coating with neutral glutaraldehyde over 
the positive APTES layer diminished the charge of the coating, which resulted in very low 
EOF values (Figure 4). In theory, the coating after glutaraldehyde treatment should be 
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neutral but in the checked capillaries the coating was slightly negative which is probably 
due to the fact that part of the primary amino groups of APTES were not bound to the fused 
silica capillary wall. This is due to steric hindrance because of the structure of 
glutaraldehyde.  Even if the coating was still slightly negative after the glutaraldehyde 
treatment, this did not hamper the subsequent coating with the phospholipids because there 
were enough of glutaraldehyde molecules attached to APTES coating. 
 
6.2 Covalent binding of phospholipids and influence of sodium borohydride 
treatment 
 
The glutaraldehyde activated capillary was subsequently coated with different types and 
concentrations of liposomes (in the form of large unilamellar vesicles). In order to test the 
need for primary amino groups (not only tertiary amino groups as in PC) for reaction 
between phospholipids and the iminoaldehyde surface, various types of liposomes were 
designed with a broad range of compositions and concentrations (Figure 1 and Table 5). 
Two of the selected phospholipids contained primary amino groups (POPS and DLPE), 
one was without any amino groups (DLPA), and one contained a tertiary amino group 
(POPC). 
The influence of phospholipid coating time on the separation of neutral steroids was tested 
with a 3 mM POPC/POPS/DLPA 80/5/15 mol% phospholipid dispersion. The capillary 
was filled with phospholipid dispersion and the capillary ends were sealed. The capillary 
with sealed ends was left in the phospholipid dispersion for 30 min or 4.5 h. Subsequently, 
separation of three neutral steroids (aldosterone, testosterone, and progesterone) was tested. 
The electropherogram of the phospholipid coating left to stabilize for 4.5 h is slightly better 
but the difference is insignificant (Figure 5) and thus the shorter coating procedure was 
selected in order to save time. 
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Figure 5. Effect of liposome treatment time on the separation of neutral steroids. 3 mM 
POPC/POPS/DLPA 80/5/15 mol% dispersion in phosphate buffer (pH 7.4, ionic strength 
of 20 mM) was left in the capillary for 30 min in A) and for 4.5 h in B). Separation 
conditions were as follows: capillary length 30/38.5 cm (ID/OD; 50/360 µm); separation 
voltage 25 kV; temperature of the capillary cassette 25°C; sample injection for 10 s at 10 
mbar; UV-detection at 245 nm. Before each injection, the capillary was rinsed for 2 min 
with BGE solution (phosphate buffer at pH 7.4, ionic strength of 20 mM).  The EOF marker 
was 15% methanol in water.  
 
Covalent coating of fused silica capillary was usually carried out at 25°C but liposome 
coating and the electrophoretic runs with the POPC/DLPE/DLPA coatings were carried 
out at 37°C. The effect of the composition of the liposome dispersion on the EOF mobility 
was tested by checking the EOF after liposome coating. The best stability of the EOF 
mobility and the most negatively charged capillary wall was obtained using 3 mM 80/20 
mol% POPC/POPS liposome dispersion (Figure 6).  
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Figure 6. EOF values in capillaries after reaction with APTES and liposomes. CEC 
separation conditions: capillary length 30/38.5 cm (ID/OD; 50/360 µm); separation 
voltage 25 kV; temperature of the capillary cassette 25°C; sample injection for 10 s at 10 
mbar; UV-detection at  214 nm. Before each injection, the capillary was rinsed for 2 min 
with the BGE solution (phosphate buffer at pH 7.4, ionic strength of 20 mM). The EOF 
marker was 0.05 % DMSO in water. 
 
Figure 7B shows the effect of aminopropylsilylation on fused silica capillaries. 
Considering the reaction scheme (Figure 2), it is clear that a sufficient amount of 
(imino)aldehyde groups must be available for the reaction with the primary amino groups 
of the phospholipids to achieve high liposome coverage on the capillary surface. Some of 
the capillaries exhibited very low EOF values after aminopropylsilylation which resulted 
in low coverage of liposomes, as seen in the low retention factors of the analytes (see Figure 
7B). Thus, the measured EOF value after the aminopropylsilylation of the fused silica 
capillary with APTES should be equal to or higher than -5∙10-8 m2V-1s1 to provide high 
liposome coverage on the capillary. 
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C 
Figure 7. Retention factors for steroids using different liposome coatings and EOF values 
after reaction with APTES. A) PC/PS/PA coatings; B) reproducibility data for PC/PS/PA 
coatings; C) PC/PE/PA coatings. CEC separation conditions were as follows: capillary 
length 30/38.5 cm (ID/OD; 50/360 µm); separation voltage 25 kV; temperature of the 
capillary cassette 25°C in A) and 37°C in B; C) sample injection for 10 s at 10 mbar; UV-
detection at 214 nm (EOF marker) and 245 nm (steroids). Before each injection, the 
capillary was rinsed for 2 min with phosphate buffer at pH 7.4 and ionic strength of 20 
mM.  The EOF marker was 0.05 % DMSO in water.  
 
The coating procedure for OT-CEC-MS capillaries (length of capillary 50/58.5 cm) was 
quite similar as that described above. Figure 8 shows the whole coating procedure for both 
capillaries. For OT-CEC-MS, capillaries the coating procedure included a little longer 
rinsing step due to the length of the capillary. Also when the influence of sodium 
borohydride treatment was tested the capillary was rinsed for 20 min with a solution of 
NaBH4 in sodium carbonate buffer (pH 9.2) prior to the rinsing step with sodium phosphate 
buffer at pH 7.4.  Subsequently, the capillary was rinsed with ammonia acetate buffer at 
pH 8.0 (I=10 mM) and the EOF was determined. 
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Some studies suggest that NaBH4 treatment affect the stability of capillary coatings. For 
example, covalent binding including primary aldehyde groups and glutaraldehyde as a 
crosslinking and fixing agent for proteins has been frequently utilized.34, 48-50 Elimination 
of water from the formed Schiff’s base is a reversible reaction and the double bonds of the 
Schiff’s base are sometimes recommended to be reduced with a reduction agent.34, 50, 51 
Typical reduction agents for this purpose are sodium borohydride and sodium 
cyanoborohydride, of which the latter is generally regarded as a milder reagent.52 
Sometimes sodium borohydride has been observed to reduce also aldehyde groups34, but 
this was not an issue in the present study because the treatment with the reducing agent 
was carried out after the formation of the linkage between the primary amino group of the 
phospholipid and the other (free) aldehyde group of glutaraldehyde.  
In paper II, sodium borohydride was exploited in an additional reduction step, and the effect 
of this step on the reaction was clarified. In cases A and B (Figure 9a), the capillaries were 
coated with 2 mM 80/20 mol % POPC/POPS dispersions without NaBH4 treatment, and in 
case C, the reduction step (NaBH4 treatment) was used. Surprisingly, the NaBH4 treatment 
did not improve the stability of the EOF, but rather decreased it. At first, the repeatability 
of the EOF seemed to be rather good but after 15 injections of DMSO, used as an EOF 
marker, the EOF stability was getting worse in the capillary treated with NaBH4. Hence, it 
can be concluded that under these conditions the EOF was more stable without NaBH4 
treatment (compare lines A and B with line C in Figure 9a).  
The effect of NaBH4 reduction on 40/40/20 mol % POPC/POPS/cholesterol-coated 
capillaries was also investigated, and the results were similar to those obtained for the 80/20 
mol % POPC/POPS-coated capillaries: the stability of the coating was better without 
NaBH4 treatment (compare lines A and B with line C in Figure 9b). The results suggest 
rearrangement or even losses of liposomes from the iminoaldehyde-coated surface. 
Because the NaBH4 treatment did not improve the stability of the liposome coatings, the 
reduction step was left out, and in the further studies the capillaries were prepared without 
NaBH4 treatment. 
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Figure 8. Coating procedure of fused silica capillaries for OT-CEC and (OT-CEC-MS) 
 
 
5 (10) min drying with air 
15 (25) min rinse with water 
5 (10) min rinse with acetone 
15 (25) min rinse with 1 M HNO3 
5 (10) min rinse with 4% APTES in acetone 
2 h at 60-65˚C 
 10 min rinse with acetone 
5 min rinse with water 
30 min rinse with acetate at pH 5.5, I=20 mM 
15 min -30 kV with acetate at pH 5.5, I=20 mM 
 Check EOF with acetate at pH 5.5, I=20 mM 
 5 (10) min rinse with phosphate at pH 8, I=200 mM 
10 (20) min rinse with 2.5% glutaraldehyde in phosphate at pH 8, I=200 mM 
Leave capillary filled with glutaraldehyde solution for 2 h (overnight) at RT 
15 (30) min rinse with liposome dispersion 
20 min rinse with phosphate at pH 8, I=200 mM 
10 (15) min rinse with phosphate at pH 7.4, I=20 mM 
Check EOF with phosphate at pH 7.4, I=20 mM 
Leave capillary filled with liposome dispersion for 30 min 
(Rinse with NaBH4, leave at RT for 30 min) 
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a) 
 
b) 
 
Figure 9. Effect of NaBH4 treatment after covalent binding of liposome a) 2 mM 80/20 
mol%, POPC/POPS and b) 2 mM 40/40/20 mol%POPC/POPS/cholesterol on the EOF. 
Capillaries A and B were coated without NaBH4 treatment; NaBH4 reduction was used 
with capillary C. Separation conditions were as follows: capillary length of 50/58.5 cm 
total/to detector (ID/OD; 50/360µm); separation voltage 30 kV; temperature of the 
capillary cassette 25ºC; sample injection for 10 s at 10 mbar; UV-detection at 214 nm. 
Before each injection, the capillary was rinsed for 2 min with the BGE solution (phosphate 
buffer at pH 7.4, ionic strength of 20 mM). The EOF marker was 0.1 % DMSO in water.  
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6.3  Covalent versus dynamic coating 
 
The stability of the liposome coating was tested to get information on the effect of the 
phospholipid primary amino group on the covalent reaction of phospholipids with 
iminoaldehyde. This was made by checking the stability of the EOF mobility. Dynamic 
coating was made using a 3 mM liposome dispersion of POPC/DLPA 80/20 mol%. Neither 
POPC nor DLPA contain any primary amino groups which are needed to form a covalent 
bond. DLPA does not contain any amino groups, and POPC contains one tertiary amino 
group. Lack of the primary amino group clearly affects the reaction with iminoaldehyde. 
The EOF of covalent coating (3 mM POPC/POPS 80/20 mol%) was observed to be stable 
over 80 injections whereas fluctuation was observed with the dynamic coating (3 mM 
POPC/DLPA 80/20 mol%). This resulted in decreased EOF values (Figure 10). However, 
despite some fluctuations, the liposomes lacking primary amino groups were bound to the 
iminoaldehyde layer to some extent (evidenced from the surprisingly good coating 
obtained with POPC/DLPA).  The tertiary amino group in PC is most probably poorly 
reactive but the hydroxy group in PA may be involved in the reaction. Another reason may 
be the transition temperature of the lipids. The main phase transition temperature of DLPA 
is 31°C and the experiment in figure 7 was carried out at ambient temperature. This resulted 
in a slightly stiffer lipid layer than the POPC/POPS bilayer. It has been studied that 
phospholipid coatings are more stable on capillary surfaces while in a rigid gel state53. 
However, in this study, both liposomes were clearly in the liquid fluid state during capillary 
electrophoretic experiments. 
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Figure 10. Comparison between dynamic (POPC/DLPA) and covalent (POPC/POPS) 
phospholipid/liposome coatings. The liposomes were dissolved in phosphate buffer at pH 
7.4, ionic strength of 20 mM. CEC separation conditions were as follow: capillary length 
30/38.5 cm (ID/OD; 50/360 µm); separation voltage 25 kV; temperature of the capillary 
cassette 25°C; sample injection for 10 s at 10 mbar; UV-detection at 214 nm. Before each 
injection, the capillary was rinsed for 2 min with BGE solution (phosphate buffer at pH 
7.4, ionic strength of 20 mM).  The EOF marker was 15% metanol in BGE. 
 
The composition of the used liposomes for capillary coating and the success of APTES 
treatment affected the retention factors of the analytes. Comparing the results of successful 
and unsuccessful liposome coatings, the role of good aminopropylsilylation is obvious. 
This is exemplified in Figure 7B for 3 mM liposome dispersions with increasing molar 
concentration of POPS (2.5, 5, and 20 mol%). Lower retention factors were obtained for 
all model analytes while the fused silica capillary was only partly aminopropylsilylated by 
APTES treatment. However, the effect was pronounced for the most hydrophobic steroid 
(progesterone). Comparing two capillaries, which were coated with the same liposome 
composition (Figure 11), it can be noted that the EOF after the liposome coating was higher 
in capillaries with successful APTES coating. For example, comparing two capillaries 
coated with the same liposome dispersion (3 mM POPC/POPS 80/20 mol%), it is obvious 
that separation of steroids was much better using the capillary with a better APTES coating 
(Figure 11). With a more successful APTES treatment, the EOF after liposome coating was 
faster and also the analytes were separated faster. However, the sensitivity suffered, 
because the liposome coating is likely to become thicker which interferes the detection. 
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Stable covalent coatings were obtained even with liposomes containing only 2.5 mol% of 
POPS (possessing primary amino group). The lower retention factors obtained with the 3 
mM 80/20 mol% POPC/POPA dispersion suggests that the phospholipids in this coating 
were bound only dynamically to the iminoaldehyde surface. The lipophilicity of the various 
liposome surfaces was compared by determining the retention factors of the neutral steroids 
aldosterone, testosterone, and progesterone (Figure 7A). The highest retention factors of 
all the steroids was obtained with the capillary coated with 2 mM POPC/POPS 80/20 mol% 
liposome dispersion. Overall, the highest retention factors of all steroids were determined 
in capillaries coated with 2 mM and 3 mM liposome dispersions.  
Liposome coating and the electrophoretic runs for studying lipid membrane-analyte 
interactions with the POPC/DLPE/DLPA coatings were carried out at 37°C. The relatively 
high temperature was selected to ensure that all single lipids were in the liquid fluid state. 
Biological membranes generally exist in a liquid crystal phase in vivo, and this phase is 
probably the most relevant for the majority of processes taken place in biological 
membranes. Phosphatidylethanolamine has a primary amino group and should hence have 
strong interactions with aldehyde groups. However, the retention factors of the steroids on 
the capillary coated with POPC/DLPE/DLPA (Figure 7C) were lower than those in 
capillaries containing similar molar percentage of POPS (Figure 7A). Direct comparison 
of the retention factors should not be made because even though the molar fractions of 
POPS and DLPE were the same, the molar fractions of the other two lipids were different 
and the working temperature was higher in the experiments in Figure 7C than in Figure 
7A.  
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Figure 11. Effect of successful aminopropylsilylation on the separation of three neutral 
steroids. The EOF after reaction with APTES was -2.86∙10-8 m2s-1V-1 in A) and -5.53∙10-8 
m2s-1V-1 in B). The capillary was coated with 3 mM POPC/POPS 80/20 mol% liposome 
dispersion in phosphate buffer at pH 7.4 and ionic strength of 20 mM. The EOF marker 
was 15% methanol in phosphate buffer and the running conditions were as in Figure 7A. 
 
6.4 Determination of distribution constants by capillary electrophoresis and 
quartz crystal microbalance 
 
The distribution constant is a direct quantitative measure of the strength of interactions 
between analytes and the target. In this work the distribution constants of drugs with the 
lipid membranes were determined. The larger the distribution constant the higher is the 
interaction between the drug and the lipid membranes. The drug can either penetrate into 
the whole lipid layer and stay inside of the liposome or stay in the external lipid layer. 
Before determination of the distribution constants, the phase ratio of the lipid coatings 
needed to be determined. This was done by QCM. Figure 12 shows the normalized 
frequency change for a selected number of liposome compositions. The normalized 
frequency change for 3 mM POPC/DLPA 80/20 mol% was considerably smaller than for 
POPC/POPS 80/20 mol%. 
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Figure 12. Normalized frequency shift during liposome adsorption on a glutaraldehyde 
functionalized silica quartz crystal. 3 mM PC:PS (solid line), 2 mM (dashed line), and 3 
mM PC:PA (dotted line). 
 
On the basis of the data (Table 7), it was found that a liposome composition of 2 mM 
POPC/POPS 80/20 mol% provides a thicker lipid layer than a liposome composition of 3 
mM POPC/POPS 80/20 mol%. The large frequency and dissipation (see Table 7) shifts 
indicate that the liposomes adsorb on the iminoaldehyde-functionalized silica surface as 
complete liposomes. Also, when comparing the diameter (d) and height (h) of liposomes it 
was found that the liposomes remain nearly intact on the surface of the sensors; their sizes 
on the sensor surface are more or less the same as in the liposome dispersion. Only with 
the 3 mM POPC/POPS 80/20 mol% liposome coating the liposome diameter (d) was 
significantly larger than in the other coatings. However, the height to the diameter ratio 
was almost the same compared to the other coatings. There is a clear dependency between 
the liposome composition and the final mass adsorbed. The final mass for the adsorbed 
liposomes increased in the following order: 3 mM POPC:DLPA < 3 mM POPC:POPS < 2 
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mM POPC:POPS. This is in line with the retention factors measured for phospholipid 
coated capillaries with corresponding liposome compositions (see Figure 7A). The higher 
amount of adsorbed liposomes for 2 mM POPC:POPS compared to 3 mM POPC:POPS is 
caused by the difference in the degree of aminopropylsilylation of the silica surface. The 
degree of aminopropylsilylation of the silica surface has a clear effect on the EOF mobility 
(Figure 7B), but it also influences the final mass of the adsorbed liposomes which is then 
reflected in the retention factors (Figure 7). 
The thickness of the liposome layer, liposome diameter, and liposome height obtained from 
QCM analysis were used to calculate the mass distribution of liposome (per area), the mass 
of lipid, and accordingly, the volume of the lipid phases used in CEC (density 
approximations were done). The results are shown in Tables 7-8. Benzthiazide, 
progesterone, DHEA, and bupivacaine had the highest distribution constants of the tested 
compounds (the capillary was coated with the 3 mM POPC/POPS 80/20 mol% liposome 
dispersion). From the value of the distribution constant is however not possible to 
determine whether the drug is inside the vesicle or in the lipid layer of the phospholipid 
membrane. 
The correlation between distribution constants and log P values for charged and neutral 
analytes is shown in Figure 13. Even though the neutral analytes exhibited higher 
correlation when compared to the charged ones, the correlation was still weak (correlation 
coefficient of 0.49). As expected, the drug partitioning into octanol describes only 
hydrophobic interactions and excludes other possible interactions, i.e. van der Waals 
interactions and hydrogen bonding, between the drugs and the liposomes. 
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Table 7. Data of liposome coatings by QCM and there from derived liposome volumes and 
masses. 
Composition of 
liposomes 
 
PC:PS 
3 mM 
 
PC:PS 
2 mM 
 
PC:PA 
3 mM 
 
Modeled Thickness (nm) 24.8 (0.2) 26.2 (0.4) 21.9 (0.1) 
Mass distribution of liposome per 
area (µg∙cm-2) 
2.48 2.62 2.19 
f3/N (Hz) 124.6 (0.3) 131.1 (0.4) 112.6 (0.1) 
D3 (10E-6) 11.0 (0.3) 12.0 (0.2) 9.3 (0.2) 
dliposome 116.03 112.88 165.71 
hliposome 114.86 119.7 141.28 
d/h 1.01 0.94 1.17 
Volume of water phase (m3) 7.56∙10-10 7.56∙10-10 7.56∙10-10 
Mass of liposome (g) 1.50∙10-6 1.58∙10-6 1.32∙10-6 
Mass of lipids (g) 3.39∙10-7 3.56∙10-7 2.30∙10-7 
Volume of lipid (m3) 3.57∙10-13 3.75∙10-13 2.42∙10-13 
Phase ratio, Φ 4.72∙10-4 4.96∙10-4 3.21∙10-4 
 
 
 
 
 
 
 
 
 
 
 
 
  
40 
 
Table 8. Retention factors (experimental), log P values (theoretical), log D values 
(theoretical), and distibution constants (experimental) of the tested compounds using a 
capillary coated with 3 mM POPC/POPS 80/20 mol% dispersed in phosphate buffer of pH 
7.4 and ionic strength of 20 mM. 
   3 mM POPC/POPS 80/20 mol% 
Analyte (charge at pH 7.4) kCEC logP logD logKD KD 
Benzthiazide (+) 2.140 2.575 0.68 3.657 4540.9 
Bupivacaine (+) 0.370 3.312 2.68 2.898 791.2 
Ketanest (+) 0.190 3.012 2.07  2.605 402.8 
Lidocaine (+) 0.120 2.196 1.26 2.392 246.8 
Prilocaine (+) 0.180 2.029 1.33 2.586 385.1 
Sotalol (+) 0.200 0.24 -1.63 2.628 424.7 
Tramadol (+) 0.280 2.316 0.52 2.771 590.8 
4-Pregnene-11β,17α-diol-3,20-dione (0) 0.090 2.735 2.32 2.296 197.9 
Aldosterone (0) 0.040 0.706 1.07 1.890 77.7 
Androsterone (0) 0.160 3.932 3.69 2.543 348.9 
Corticosterone (0) 0.170 1.952 2.10 2.568 369.9 
Dexamethasone (0) 0.290 2.033 1.92 2.795 623.1 
DHEA (0) 0.690 3.305 3.44 3.162 1451.3 
Progesterone (0) 1.410 3.827 3.72 3.476 2995.3 
Testosterone (0) 0.290 3.179 3.16 2.794 622.0 
Hydrochlorothiazide (-) 0.010 -0.021 -0.01 1.170 14.8 
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Figure 13. Correlation between log KD and log P. Log P values are derived from Advanced 
Chemistry Development Software V8.14 for Solaris. Experimental conditions for 
calculation of KD values are as described in Figure 9. 
 
6.5 Effect of liposome composition  
 
One of the aims of the study in Paper I was to develop a stable phospholipid coating; the 
most stable coating was obtained using 2 mM POPC/POPS 80/20 mol%. In Paper II the 
influence of cholesterol on the stability of the coating was tested.  Capillaries were coated 
with 2 mM 80/20 mol% POPC/POPS, and 2 mM 40/40/20 mol% POPC/POPS/cholesterol. 
The stability of the coatings was tested by checking the EOF under same running 
conditions; the coating of 2 mM 40/40/20 mol% POPC/POPS/cholesterol showed greater 
stability than that of 2 mM 80/20 mol% POPC/POPS (Figure 9). 
The lipophilicity of the liposome coatings with and without cholesterol (2 mM 80/20 mol 
% POPC/POPS and 2 mM 40/40/20 mol% POPC/POPS/cholesterol) was tested by 
determining the retention factors of the neutral steroids aldosterone, testosterone, and 
progesterone, as in Paper I. Much higher retention factors were obtained with 2 mM 80/20 
mol % POPC/POPS  liposome coatings than with 2 mM 40/40/20 mol% 
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POPC/POPS/cholesterol coatings (see Table 9 and Figures 14 a and b). Cholesterol is 
generally considered to increase the rigidity of lipid membranes resulting in decreased 
interactions between steroids and the phospholipid stationary phase in open tubular CEC.54  
 
 
Figure 14. Retention factors of steroids in capillaries with 2 mM 80/20 mol % POPC/POPS 
and 2 mM40/40/20 mol% POPC/POPS/cholesterol liposome coatings using BGEs at pH 
7.4 and 8. a) Retention factors for aldosterone, testosterone, and progesterone at pH 7.4, 
and b) retention factors for aldosterone, testosterone, and progesterone at pH 8. Other 
experimental conditions are as shown in Figure 9. 
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Table 9. Migration times and retention factors (within one capillary) and the 
corresponding repeatabilities (RSDs %) of the model steroids in capillaries at pH 8.0 and 
pH 7.4 (five injections per capillary).  
pH POPC/POPS 80:20 mol%  POPC/POPS /chol 40:40:20 mol% 
  MeOHa) Aldo1) Testo2) Proge3)   MeOHa) Aldo1) Testo2) Proge3) 
Average migration times (min) and RSDs (%) (n=5)b)      
8.0 5.60 
(0.75) 
5.71 
(0.36) 
7.21 
(0.49) 
13.75 
(3.67) 
 3.64 
(0.13) 
3.68 
(0.14) 
3.91 
(0.15) 
5.03 
(0.18) 
7.4 4.05 
(0.26) 
4.15 
(0.27) 
4.96 
(0.36) 
8.90 
(0.54) 
 3.47 
(0.20) 
3.50 
(0.26) 
3.71 
(0.19) 
4.67 
(0.18) 
Average retention factors and RSDs (%) (n=5)      
8.0 - 0.02 
(0.12) 
0.29 
(1.04) 
1.47 
(5.86) 
 - 0.01 
(1.74) 
0.08 
(0.73) 
0.38 
(0.28) 
7.4 - 0.02 
(1.02) 
0.23 
(0.60) 
1.20 
(0.67) 
 - 0.01 
(2.25) 
0.07 
(0.72) 
0.35 
(1.16) 
a) Methanol was used as the marker of the EOF. 
b) Experimental details: capillary length 50/58.5 cm (I.D/O.D. 50/375 µm); -30 kV; 
injection 10 mbar 10 s; 25°C; UV-detection (200 and 245 nm).  
1) Aldosterone 
2) Testosterone 
3) Progesterone 
 
The stability and robustness of the capillary column were tested by injecting a large number 
of analytes as separate injections into the capillary. The analytes are listed in Table 10. 
They were injected as individual samples into the same 40/40/20 mol% 
POPC/POPS/cholesterol-coated capillary. As Figure 15 shows, the EOF remained constant 
during 200 injections after which a small drop in the EOF appeared remaining again 
constant for additionally 80 injections. After all these injections, changes in the coating 
caused a clear fluctuation in the EOF (see injections numbered 300-375 in Figure 15). The 
results show that the coating can withstand a large number of injections of different types 
of common drugs. 
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Table 10. The injected analytes into 40/40/20 mol% POPC/POPS/cholesterol-coated 
capillary 
Analyte Type of analyte 
Aldosterone  Steroid 
Alprenolol Beta blocker 
Atenolol Beta blocker 
Benzthiazide  Diuretic 
Bumetadine Diuretic 
Caffeine  Stimulant 
Cortisone Steroid 
DHEA  Steroid 
Estrone Steroid 
Furosemide Diuretic 
Lidocaine  Anesthetic 
Prilocaine  Anesthetic 
Progesterone  Steroid 
Sotalol  Beta blocker 
Testosterone  Steroid 
18- α-corticosterone Steroid 
17-isoaldosterone Steroid 
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Figure 15. EOF in a 2 mM 40/40/20 mol% POPC/POPS/cholesterol-coated capillary 
(without NaBH4 treatment). Separation conditions were as shown in Figure 5. Before each 
injection, the capillary was rinsed for 2 min with the BGE solution (phosphate buffer at pH 
7.4 with ionic strength of 20 mM, or ammonia acetate buffer at pH 8 with ionic strength of 
10 mM). Runs with the BGE solution (phosphate buffer at pH 7.4) were carried out first. 
Subsequently, the BGE was changed into ammonium acetate at pH 8. 
 
6.6 Effect of background electrolyte solution 
 
For on-line CEC-MS studies, three different BGE solutions were tested: phosphate buffer 
at pH 7.4 (ionic strength 20 mM), and ammonium acetate buffers (ionic strength 10 mM) 
at pH 8.0 and 6.0. The volatile ammonium acetate buffer at pH 8.0 was the most suitable 
for on-line CEC-MS runs. The test runs showed that the performance of the coating was 
slightly disturbed in sequential runs with BGEs at different pHs. These experiments were 
performed in the same coated capillary. For example, after several successive runs at pH 
7.4 and pH 8.0, the capillary did not show anymore long-term stability at pH 6.0 with 
ammonium acetate as BGE (Figure 16). However, it is possible that the coating could be 
stable at pH 6.0 especially if the pH of the BGE was changed to 6.0 immediately after 
coating at pH 7.4. 
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Figure 16. Effect of pH of the BGE on the stability of the capillary covalently coated with 
80/20 mol% POPC/POPS liposomes (no NaBH4 treatment). Separation conditions were as 
in Figure 9. Before each injection the capillary was rinsed for 2 min with the BGE solution 
(phosphate buffer at pH 7.4 with ionic strength of 20 mM; ammonia acetate buffer at pH 8 
with an ionic strength of 10 mM; or ammonium acetate buffer at pH 6 with ionic strenght 
10 mM). Runs with phosphate buffer at pH 7.4 as the BGE solution were made first. 
Subsequently, the BGE was changed into ammonium acetate at pH 8, and finally the 
ammonium acetate buffer at pH 6 was tested. 
 
In another set of experiments, the effects of pH and ionic strength on capillaries coated 
with  80/20 mol % POPC/POPS and 40/40/20 mol% POPC/POPS/cholesterol were studied 
(Figure 17). The results show that the stability (EOF mobilities) of the 40/40/20 mol% 
POPC/POPS/cholesterol coating was superior over the 80/20 mol % POPC/POPS-coated 
capillary. This can be explained by the more rigid structure of the cholesterol membrane, 
being less influenced by changes in pH or ionic strength of the BGE solution. 
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Figure 17. Effect of the BGE on the EOF using a) a capillary coated with 2 mM 80/20 
mol% POPC/POPS liposome dispersion (no NaBH4 treatment), and b) a capillary coated 
with 2 mM 40/40/20 mol% POPC/POPS/cholesterol liposome dispersion (no NaBH4 
treatment). Separation conditions were as in Figure 9. Before each injection, the capillary 
was rinsed for 2 min with the BGE solution (phosphate buffer at pH 7.4 with ionic strength 
of 20 mM or ammonia acetate buffer at pH 8 with ionic strength of 10 mM). Runs with 
phosphate buffer at pH 7.4 as the BGE solution were made first and after that the BGE 
was changed into ammonium acetate at pH 8. 
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6.7 Analysis repeatability and reproducibility of coated capillaries 
 
As figure 15 shows, EOF migration time repeatabilities were satisfactory allowing ca. 200 
sequential injections in the 40/40/20 mol% POPC/POPS/cholesterol-coated capillary with 
EOF migration time repetabilities less than 2.5 % at pH 8.0. The retention factors of the 
neutral steroids on the POPC/POPS 80:20 mol% coated capillary corresponded well with 
those obtained in the study in the first paper (Paper I). However, in this study, the coated 
capillary was shorter. 
Three different capillaries (with two different coatings) were compared. The corresponding 
reproducibilities of the migration times and retention factors are listed in Table 11. The 
variations of the EOF in the three different capillaries coated with the same liposome 
dispersion are shown in Figure 18. The values show clearly that the coating procedure is 
repeatable. For the capillaries coated with cholesterol-containing liposomes, slightly better 
reproducibility data is obtained. The reproducibility may also be demonstrated by means 
of a t-test. A two sample t-test was performed to compare the different buffers in three 
different capillaries coated with the same liposome dispersion. The p-value of 0.33 was 
statistically insignificant (>0.05) showing that the coating procedure is statistically 
reproducible. 
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Table 11. Migration times, retention factors and the corresponding reproducibilities 
(capillary to capillary) of the model steroids in the three capillaries at pH 8.0 and pH 7.4 
(five injections per capillary). 
pH POPC/POPS 80:20 mol%  POPC/POPS/chol 40:40:20 mol% 
  MeOHa) Aldo1) Testo2) Proge3)   MeOHa) Aldo1) Testo2) Proge3) 
Average migration times (min) and RSDs (%) (n=15)b)      
8.0 4.83 
(14.3) 
4.94 
(14.4) 
6.06 
(15.8) 
11.01 
(19.3) 
 3.83 
(8.7) 
3.88 
(8.8) 
4.12 
(8.9) 
5.28 
(9.8) 
7.4 3.99 
(7.3) 
4.09 
(7.3) 
5.16 
(8.7) 
9.69 
(9.2) 
 4.09 
(22.9) 
4.14 
(22.8) 
4.45 
(23.2) 
5.69 
(24.1) 
Average retention factors and RSDs (%) (n=15)      
8.0 - 0.02 
(11.0) 
0.26 
(13.6) 
1.30 
(13.2) 
 - 0.01 
(10.5) 
0.07 
(5.0) 
0.38  
(5.2) 
7.4 - 0.03 
(8.2) 
0.28 
(14.1) 
1.40 
(11.2) 
 - 0.01 
(11.9) 
0.07 
(4.2) 
0.37 
(4.9) 
a) Methanol was used as the marker of the EOF. 
b) Experimental details: 50/58.5 cm (I.D/O.D. 50/375 µm); -30 kV; injection 10 mbar 10 
s; 25°C; UV-detection (200 and 245 nm).  
1) Aldosterone 
2) Testosterone 
3) Progesterone 
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Figure 18. Comparison of the EOF in the three capillaries (same coating) coated with 2 
mM 40/40/20 mol%POPC/POPS/cholesterol (five injections per capillary).  Separation 
conditions are shown in Figure 2. Before each injection, the capillary was rinsed for 2 min 
with the BGE solution (phosphate buffer at pH 7.4 with ionic strength of 20 mM or 
ammonia acetate buffer at pH 8 with ionic strength of 10 mM). Runs with phosphate buffer 
at pH 7.4 as BGE solution were made first. Subsequently, the BGE was changed into 
ammonium acetate at pH 8.0. 
 
6.8 On-line capillary electrochromatgraphy-mass spectrometry studies 
 
For CEC-MS experiments, six steroids were selected, i.e. testosterone, progesterone, 
estrone, 17-alpha-OH-progesterone, 4-androsterone-3,17-dione, and androsterone. This 
was because their separation was difficult by open tubular CEC with the UV-VIS detector 
using phospholipid coated capillaries due to similar migration times. Neither estrone nor 
androsterone were visible by UV detection. A typical extracted ion chromatogram is shown 
in Figure 19: the steroids marked 1-5 migrated practically at the same time and there was 
almost no difference in the migration times of the selected steroids using either 2 mM 80/20 
mol% POPC/POPS- or 2 mM 40/40/20 mol% POPC/POPS/cholesterol-coated capillaries. 
Estrone and androsterone could not be detected by UV, but those steroids were possible to 
detect using on-line-CEC-MS. The steroids were identified based on their characteristic 
mass-to-charge values. Ion suppression may be a problem in MS techniques. Figures 20 
and 21 confirm that there was no ion suppression in the MS due to lipid leakage. This data 
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shows that the coating method is reliable also for on-line-CEC-MS, and that phospholipid 
coated capillaries can be used efficiently for separating steroids which are difficult to detect 
using UV Vis-detection. 
a) 
 
b) 
 
Figure 19. CEC-MS of steroids using a) 80/20 mol% 2 mM POPC/POPS-coated capillary 
and b) 2 mM 40/40/20 mol% POPC/POPS/cholesterol-coated capillary. The injected 
analytes were 1) androstenedione (100 µg/mL), 2) estrone (120 µg/mL) 3) androsterone 
(120 µg/mL), 4) testosterone (100 µg/mL), 5) 17-alpha-OH-progesterone (100 µg/mL), and 
6) progesterone (120 µg/mL) in MeOH/water (26/74 v/v %).  Ammonium acetate buffer at 
pH 8 with ionic strength of 10 mM was used as the BGE. The sheath liquid comprised 50 
% methanol and 0.1 % acetic acid in water.  The flow rate of the sheath liquid was 0.25 
ml/h.  
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Figure 20. Total ion chromatogram of five repetitive OT-CEC-MS runs of five steroids 
using a 80/20 mol% POPC/POPS-coated capillary. The injected analytes were 1) 
androstenedione (100 µg/mL), 2) estrone (120 µg/mL) 3) androsterone (120 µg/mL), 4) 
testosterone (100 µg/mL), 5) 17-alpha-OH-progesterone (100 µg/mL), and 6) 
progesterone (120 µg/mL) in MeOH/water (26/74 v/v %).  Ammonium acetate buffer at pH 
8 with ionic strength of 10 mM was used as the BGE. The sheath liquid comprised 50 % 
methanol and 0.1 % acetic acid in water.  The flow rate of the sheath liquid was 0.25 ml/h.    
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Figure 21. Total ion chromatogram of five repetitive OT-CEC-MS runs of five steroids 
using a 40/40/20 mol% POPC/POPS/chol-coated capillary. The injected analytes were 1) 
androstenedione (100 µg/mL), 2) estrone (120 µg/mL) 3) androsterone (120 µg/mL), 4) 
testosterone (100 µg/mL), 5) 17-alpha-OH-progesterone (100 µg/mL), and 6) 
progesterone (120 µg/mL) in MeOH/water (26/74 v/v %).  Ammonium acetate buffer at pH 
8 with ionic strength of 10 mM was used as the BGE. The sheath liquid comprised 50 % 
methanol and 0.1 % acetic acid in water.  The flow rate of the sheath liquid was 0.25 ml/h.   
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7. Conclusions 
 
The aim of this study was to develop a phospholipid coating method for OT-CEC and OT-
CEC-MS which can be used for the separation of typical drugs. The stability of the 
phospholipid coatings (mimicking biological biomembranes, determination of the retention 
factors of three neutral steroids with different coatings, determination of the distribution 
constant of drugs, and the optimization of the running conditions by means of pH values 
and composition of the BGE solution were studied. Also the effects of reducing the formed 
Schiff’s base with sodium borohydride and the liposome composition on the stability of 
the coating were investigated. 
Various parameters were optimized when developing the coating method, and their effects 
on the stability of the coating were studied. The best coating stability was obtained when 
4% APTES (v/v) was diluted in acetone, the capillary was kept in oven for 2 hours and 
after APTES coating, the capillary was rinsed with an acetate buffer solution at pH 5.5. 
NaBH4 treatment did not improve the stability of the EOF, and the stability of coatings 
(40/40/20 mol % POPC/POPS/cholesterol and 80/20 mol % POPC/POPS) was better 
without NaBH4 treatment. Consequently, the NaBH4 treatment was omitted from the 
coating procedure. The coating procedure was optimized for longer capillaries for OT-
CEC-MS experiments. The procedure was rather similar to that used for preparing the OT-
CEC capillaries but with the OT-CEC-MS capillaries the procedure included slightly  
longer rinsing steps due to the longer capillaries used. 
The stability of the phospholipid coating was determined by checking the EOF. The highest 
stability of phospholipid coatings was obtained with 3 mM POPC/POPS 80/20 mol%. Over 
200 injections of a wide range of drugs were made into this capillary, and the stability of 
the EOF was almost the same. There was only a little difference in the stability of the EOF 
when comparing 2 mM and 3 mM POPC/POPS 80/20 mol% coatings. Both coatings were 
very stable. The number of primary amino groups affected the stability of the coatings. 
Formation of a stable covalent coating requires primary amino groups in the coating 
reagent. If the used phospholipid does not contain any primary amino groups the formed 
coating will be dynamic and the stability of the coating will poorer. Comparing the stability 
of dynamic and covalent coatings (3 mM POPC/POPS 80/20 mol% and 3 mM 
POPC/DLPE 880/20 mol%) the EOF of 3 mM POPC/POPS 80/20 mol% coatings was 
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stable for over 80 injections, whereas fluctuations were observed with the 3 mM 
POPC/DLPE 80/20 mol% coating, resulting in decreased EOF values. Also the effect of 
cholesterol on the coating stability was tested: the result demonstrated that under the same 
running conditions the 2 mM POPC/POPS/chol 40/40/20 mol% coated capillary was more 
stable than the 2 mM POPC/POPS 80/20 mol% coated capillary. The stability and 
robustness of the 2 mM POPC/POPS/chol 40/40/20 mol% coated capillary was tested 
carrying out almost 400 individual injections of different types of drugs. It was observed 
that the EOF remained constant for 200 injections. Subsequently, there was a small drop 
in the EOF values but the EOF was again stable for additional 80 injections. Clear 
fluctuation in the EOF values was seen after 300 injections. 
The lipophilicity of the liposome coatings was studied by determining the retention factors 
of the neutral steroids aldosterone, testosterone, and progesterone. The highest retention 
factors were obtained with 2 mM POPC/POPS 80/20 mol% liposome coatings. From  QCM 
measurements, it was found that the thickest lipid layer was obtained with the 2 mM POPC/ 
POPS 80/20 mol% dispersion, which affected the retention of the neutral steroids. Based 
on the QCM measurements it was found that the phospholipids are adsorbed on the surface 
of the sensor almost as intact vesicles; the ratio between the liposome diameter and its 
height was close to 1 for all tested liposomes. When determining the distribution constants 
of different types of analytes it was found that the distribution constants of analytes were 
generally the highest using the 3 mM POPC / POPS 80/20 mol% coated capillary.  
Three different buffer solutions were tested and the most suitable solution for the OT-CEC-
MS experiments was a volatile ammonium acetate buffer at pH 8.0. For on-line CEC-MS 
experiments, six steroids that were poorly visible or non-visible and difficult to separate by 
UV-CEC were selected as model analytes. It was possible to separate and detect all those 
steroids by on-line OT-CEC-MS. Sometimes ion suppression may be a problem in MS 
studies. However, the results showed that there was no ion suppression in MS due to lipid 
leakage. Consequently, such phospholipid-coated capillaries can be utilized for on-line 
CEC-MS experiments. 
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To conclude, phospholipid coated capillaries can be utilized as great models for studying 
analyte-membrane interactions. Very low amounts of lipids are needed for preparing stable 
covalent coatings. In this study, 2.5% of POPS was a sufficient concentration to bind the 
lipids covalently to the iminoaldehyde-coated capillary. The phospholipid coated 
capillaries exhibited good repeatability, reproducibility, and long lifetime. The coatings 
proved to be stable and can be utilized for a wide range of analytes. Therefore, such 
coatings would be excellent systems for rapid drug screening purposes in industry. 
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